The rate constants for reactions involved in the radiolysis of water under relevant 18 thermodynamic conditions in supercritical water-cooled reactors are estimated for inputs in 19 simulations of the radiation chemistry in Generation IV nuclear reactors. We have discussed the 20 mechanism of each chemical reaction with a focus on non-equilibrium reactions. We found most 21 of the reactions are activation-controlled above the critical point and that the rate constants are 22 not significantly pressure-dependent below 300°C. This work will aid industry with developing 23 chemical control strategies to suppress the concentration of eroding species. 24
radiolysis of water at temperatures below SCWR conditions. 8 Although the rate constants of 40 reactions in water mostly follow Arrhenius temperature dependence at low temperatures, 41 several studies have shown that the rate constants of many reactions in water plateau and may 42 even decrease near the critical point.
9-16 Accurate predictions of rate constants of relevant 43 reactions in SCW are crucial for the development of chemical control strategies to minimize 44 corrosion in SCWRs. 7, 17 The goal of this work is to give recommendations for the rate constants 45 of important reactions in radiolysis of water under hydrothermal conditions based on a model 46 proposed by Ghandi et al. 11 that accounts for the non-Arrhenius temperature dependence of 47 different reactions in water. Table S1 in the Supporting Information (SI) contains all reactions. 48
The labeling of reactions are adapted from AECL report. 8 We have previously addressed all the 49 significant equilibrium reactions involved in the radiation chemistry of water (Reactions R23-50 R32) under SCWRs coolant's thermodynamic conditions. 7 This paper addressed the non-51 equilibrium reactions (Reactions R2-R22a) which are grouped according to their mechanisms in 52 Table 1 . The methodology was described in detail previously 13 and in the SI.
53
Although all reactions that are discussed in this paper (R2-R22a) are important in the 54 radiolysis of water, in order to make the main text of this paper as concise as possible we had to 55 transfer discussion of many reactions to the SI. The splitting of the reactions that are discussed 56 in the main text vs. those in SI is mainly done based on g-values. The g-value is defined as the 57 number of species formed or dissociated per 100 eV energy absorbed. Some species in water 58 such as OH, e aq -, H and H 2 have larger g-values at around 350°C, 8 and are expected to be 59 important in SCW as discussed in section 2.6. Thus, their reactions should be given more 60 attention as they can significantly change the outcome of Monte Carlo simulations. 7 As such, 61
we discussed these reactions (R3, R4, R5, R6, R7), and the reactions that require special 62 D r a f t treatments to model in the main text (R2, R15), while discussion of the other reactions are 63 provided in the SI. Despite this splitting of reactions, we strongly recommend that the readers 64 also carefully study all reactions we discussed in the SI. The readers who model the radiation 65 chemistry in coolants of SCWR should know that the tables of all reaction rate constants and 66 activation parameters are reported in the SI. A brief summary of all reactions involved (including 67 the equilibrium reactions) is provided at the end of the main text. Since we both describe and 68 classify the reactions based on their mechanisms, the reactions are not discussed in numerical 69
order (e.g. R4 is discussed before R3 and R2, etc.) 70
Results and Discussion

71
The cage effect
72
A model that considers the number of collisions during the lifetime of an encounter pair is used 73 in this work to account for the observed significant decrease of rate constants of reactions in 74 water at high temperatures. 7, 11 The process in which reactant species diffuse together to 75 become neighbors is called an encounter. In order for a reaction to occur, diffusion of the 76 reactants into the same water cage is required. The solvent cage will keep the reactants in close 77 proximity for a while, during which they will collide with each other and with the water molecules 78 surrounding them. The lifetime of an encounter is the time that the reactants remain within the 79 same water cage. The temperature dependence of the encounter time at a certain pressure is 80 discussed when introducing the first reaction we investigated. 81
For a reaction to occur, the reactants must be oriented properly to allow new bonds to form. 82
Once the reactants enter the same water cage, they will collide with each other, reorient, and 83 exchange energy with surrounding molecules until they are either properly oriented for the 84 D r a f t 5 reaction to occur, or they will escape from the cage. When temperature increases, the hydrogen 85 bond (H bond) length also increases and thus H bond becomes weaker. 18 As a result, the 86 energy barrier to escape a cage formed by these bonds decreases. This has two implications, 87 the first being reactants moving from cage to cage faster (larger diffusion coefficients) and the 88 second being that reactants, once in the same cage, have a shorter encounter lifetime to 89 accommodate proper orientation for reaction. As a result, the probability that the reactants will 90 find the right orientation to react decreases, and therefore the efficiency of the reaction is 91 reduced.
7,11 This is accounted for in our model by including an efficiency factor, f R , which is 92
proportional to the number of collisions per encounter. This is described further when discussing 93
Reaction R4 and in the SI. 94
Addition / Non-dissociative attachment
95
As will be described in section 2.3, Reaction R2 is heavily influenced by Coulomb interactions. 96
Reaction R3 is only influenced by spin orientation not the orientation of reactants. On the other 97 hand, in reaction R4 (OH + OH → H 2 O 2 ), the OH radicals must approach each other in an 98 orientation that allows new bonds to be formed between the O atoms, hence influenced by the 99 cage effect more than H atom reactions. Thence we introduced this reaction first, and used it as 100 an example to show the timescales and collisions per encounter and in general the cage effect. 101
R4:
102
· OH +· OH → H ଶ O ଶ
The self-recombination of hydroxyl radicals produces hydrogen peroxide, which can 103 decompose into molecular oxygen and water. This reaction is important in SCWRs, as the crack 104 growth rate in reactors is related to H 2 O 2 and O 2 . 19 The reaction has been studied by Jannik et 105
20 from 150 to 350°C at 250 bar, by directly measuring ·OH radical transient optical absorption 106 at 250 nm. They suggested the use of the Noyes equation to describe the non-Arrhenius 107 behavior. In their system, hydrogen radicals reached up to 30% of the total yield of hydroxyl 108 radicals at 350°C. Due to the ambiguity of the extinction coefficient at higher temperatures, the 109 actual rate will differ from the measured one in the high-temperature range. 20 Elliot et al. 
21
, with our fit of k pre 113 to the data and extrapolations to high temperatures for R4: OH + OH → H 2 O 2 at 250 bar. 114
Elliot found an activation energy of 3.7 kJ mol -1 which is smaller than our fit value 12 kJ mol -1
. 115
This reaction is not a diffusion-controlled reaction, as can be seen from our fits. It is strongly 116 influenced by the cage effect as can be seen by the rapid drop in reaction rate near the critical 117 point in Figure 1 . This is the reason for the difference in our activation energy and the one 118 reported by Elliot et al. 21 Figure 1 suggests that although there are enough encounters for the 119 reaction, the efficiency of the reaction at high temperatures is low due to the cage effect (the 120 OH radicals are not able to find the right orientation to react before leaving the water cage). 121 D r a f t 7 Therefore, the f R factor will be a small number at high temperatures. To estimate the duration of 122 encounter ԏ enc , we assumed the encounter pairs are in equilibrium with the separated reactants. 123
The equilibrium constant can be written as the ratio of the diffusion rate constant and the 124 separation rate of the reactants: .
[1] 128
The duration of collision ԏ coll can be estimated based on collision time in gas-phase, collision 129 frequency, scaled with the inverse self-diffusion constant of the solvent: temperature. In SCW, the weak H bonds do not hold water molecules together for more than 1 137 ps as opposed ~31 ps at room temperature, 18,22 and the number of H bonds per water molecule 138 decreases as temperature is increased at a given pressure. 23 As temperature increases to near 139 the critical point, collisions per encounter decrease and the value of f R also decreases. addition reaction can occur. Although spin exchange will not prevent an addition reaction, an 165 addition reaction will prevent a spin exchange. If there are more collisions in an encounter, an 166 addition reaction will eventually occur. Thus, it is reasonable to assume this reaction is diffusion-167 controlled at low temperatures. At high temperatures, there is essentially only one collision 168 during an encounter. Therefore, the probability of the H atoms going through an addition 169 reaction is significantly smaller at higher temperatures. 170
For spin exchange, the rate constant depends on the number of encounters, k diff; the 171 exchange factor, p spin , and the strength of the exchange interaction, J
11
: 172
where ԏ enc is the duration of the encounter, k diff is the diffusion rate constant. For a strong spin 174 exchange limit, k pre only depends on p spin . For weak a spin exchange, f J shows a similar 175 D r a f t temperature dependent trend as f R factor, although instead of orientation, f J only depends on the 176 number of collisions in an encounter.
177
For this reaction, orientation is not an important factor considering the electronic aspects; only 178 the spin orientation is important. Also since H-atom reactions could be affected by quantum 179 tunneling at low temperatures, this reaction could be diffusion-controlled in this range. Hence, 180 the possibility of contribution from a diffusion-controlled mechanism at high temperatures cannot 181 be discounted. We have already shown in our previous work that the Stoke-Einstein diffusion 182 model underestimates diffusion coefficients above the critical point. 7 As such, we used a scaled 183 diffusion model of water by Kallikragas et al. 26 at high temperatures, and the Stoke-Einstein 184 diffusion model at low temperatures up to 250°C and matched the value of these two curves at 185 250°C, because at this point we still know the rate constant from the experiment data ( Figure 3) . 186 Figure 3 The experimental data from Sehested and Christensen 24 , along with our fit of k pre1 to 187 the experimental data and its extrapolation to high temperatures for R3. We assumed a 188 diffusion-controlled reaction for R3. For k pre2 , we took into consideration the competition with 189 spin exchange as described in the text. 190
We can correct the rate constants to account for the statistical factor (addition vs. spin 191 exchange) if in each collision the probability of an addition reaction is p coll . We can estimate the 192 number of collisions, n coll , in an encounter at different temperatures using the f R factor, assuming 193 only one collision per encounter at very high temperature. The probability that an addition 194 reaction occurs in an encounter is calculated as: 195
Multiplying this probability by the diffusion rate constants, and assuming p coll is 0.5, we obtain 197 Figure 3 . The p coll is chosen to be 0.5, but the real value could be slightly smaller. We 198 report the rate constants in the SI for both the diffusion-controlled model, and the diffusion-199 controlled model in which we accounted for the competition between addition and spin 200 exchange. We recommend the latter. , and a diffusion-controlled reaction up to ~ 200°C (Figure 4 ). This reaction is a 220 diffusion-controlled reaction at room temperature, and the k diff for this reaction is larger than R3 221 at this temperature. This is likely due to the hydrated electron having a faster diffusion rate than 222 H, and also the OH radical has a larger reaction radius than H. solution. The extinction coefficient was assumed to be independent of temperature in both 236
papers, but it is believed that the extinction coefficient does change with temperature. 8 Buxton 237
compares this reaction with two other reactions (R3 and R4) and finds that R7 is closer to R4 238 than R3; therefore, they qualitatively conclude it is not a diffusion-controlled reaction. However, 239 our fitting shows a diffusion-controlled reaction at low temperatures up to at least 50°C. 240 D r a f t Although the diffusion rate of H is higher than that of the OH radical, the reaction radius of OH 241 is larger than the reaction radius of the H atom at room temperature. 21, 33 . The transition 248 state is calculated using the STQN method. 39 The frequency calculation is performed at the 249 same level to confirm that the structure found in the calculation is a transition state (i.e. with a 250 single imaginary frequency) and to study the thermal effects on activation parameters. From the 251 frequency calculation, the activation entropy (∆S ‡ ) and enthalpy (∆H ‡ ) can be obtained. The gas 252 phase activation energy (E a ) and the pre-exponential factor (A) can be calculated using the 253 formula [5] and [6]: 19, 40 254
[5] 255
where R is the gas constant, k B is the Boltzmann constant, T is the temperature, e is the Euler's 257 number, h is the Planck constant, c o is the concentration of water. From these calculations, we 258 obtained an activation energy of 42 kJ mol . Note that the, computational method using UB3LYP with a basis set of 6-31 + G(d,p) has an 260 D r a f t error of around 16 kJ mol -1 for activation enthalpy. 41 The basis set we used is likely to yield a 261 more precise result since it uses more functions to describe the valence electrons and has more 262 flexibilities when describing molecular orbitals. 38 It is assumed that the B(r) and p R k gas (fitting 263 parameters used in this work, described in SI) of R15 are the same as those of R13, as the 264 about the same, but the pre-exponential factor for R4 is two orders of magnitudes smaller than 288 R7, causing it to be an activation-controlled reaction for the whole temperature range. Reactions 289 R6 and R7 are diffusion controlled at low temperatures, but reaction R7 is influenced heavily by 290 the cage effect, thus it turns into an activation-controlled reaction at a lower temperature than 291 R6. The Ea and A will influence the overall curvature and the magnitude of the rate constants 292 respectively, whereas p R k gas and B(r) (which influences rate constant k diff ) will determine where 293 the peak will be and the magnitude that the rate constants will decrease to near the critical point. 294
Hydrogen abstraction reactions
295
Among H abstraction reactions, R2 and R10 involve reactants of the same charge. Due to 296
Coulomb repulsion, their rate constants drop significantly at high temperatures when the 297 dielectric constant of water is small. These two reactions are not important for the modeling of 298 SCWRs due to their small rate constants in SCW. R2 is described in the text while R10 is 299 described in the SI. Except R5, the rest of the reactions are discussed in the SI due to the small 300 g-value of reactants. 301 The bimolecular decay of hydrated electrons have been the subject of many studies since 303 they were first observed using pulse radiolysis in 1962. 42 Hydrated electrons play important 304 roles in many fields, influencing chemical, 43 biological, 44,45 and radiation processes. 45 Many 305 decades after its discovery, the structural and spectroscopic properties of hydrated electron are 306 still not fully understood.
R2:
45-50 Nevertheless, the bimolecular decay of hydrated electrons were 307 D r a f t studied by Christensen et al. 51 between 5 and 300°C and 140 and 150 bar (Figure 7 ). This work 308 was done using pulse radiolysis and under high hydrogen pressure, in a high-pressure high-309 temperature cell with an initial pH ranged from 10.9 to 13, and the final pH ranged from 10.1 to 310 12.2. In their work, the rate constant showed Arrhenius behavior below 150°C and a diffusion 311 activation energy of 23 kJ mol -1 was proposed in that range. The reaction rate dropped rapidly 312 between 150°C and 250°C. 52 Similar behavior has been reported in the work by Marin et al.
313
Marin et al. studied R2 using pulse radiolysis over the temperature range of 100 to 250°C, with a 314 pressure of 250 bar in alkaline water of pH 10.2 to 11, using increments of 25°C. They reported 315 a maximum rate constant of 5.9 x 10 10 M -1 s -1 at 150°C. 52 The rate constants decrease rapidly 316 above 250°C, becoming too small to be reliably measured. 52 experimentally, using mass spectrometry, and computationally using DFT. In their study, ions 325 mass-to-charge ratio was determined for (H 2 O) n -2 water clusters. Only the water clusters that 326 contain more than 105 water molecules have a mass loss of two atomic mass units, indicating a 327 loss of molecular hydrogen. This gives direct evidence of a double electron evolution reaction 328 occurring and shows that this reaction only happens when the water cluster size is larger than 329 105. 54 It also confirms our prediction that this reaction is not important in SCW. Due to the 330 weakening of hydrogen bonding at higher temperatures, 18 there should be a decrease in the 331 number of larger water clusters. If the cluster size had negative temperature dependence, then it 332 would cause the rate constant of R2 to decrease because R2 requires a water cluster size of 333 105 water molecule. A direct attachment of an excess electron on a negatively charged water 334 cluster is inhibited by the large Coulomb barrier and thus, the reaction occurs through the 335 D r a f t 20 coalescence of two negative charged water clusters. The two hydrogen atoms from two nearby 336 water molecules in the dielectron hydration cavity approach each other, leading to the formation 337 of a hydrogen molecule. 54 In this step, the calculated energy of the reaction system reaches a 338 maximum, 54 thus this step is the bottleneck of the reaction meaning it follows a hydrogen 339 abstraction mechanism. This is then followed by a two proton transfer from the neighboring 340 donor water molecules to solvated electrons that lead to two hydroxide residues. 54 
341
On the other hand, Butarbutar et al. 55 questioned the validity of applying the sudden decrease 342 of the rate constants in alkaline conditions to neutral conditions. They claimed that such a 343 decrease in the rate constants will result in a discontinuity of their fitted g(H 2 ) (g(H 2 ) = 1 meaning 344 a single H 2 molecule is formed when 100 eV radiation is absorbed by the medium) at ~150°C in 345 their low and high linear energy transfer modeling calculations, and that this discontinuity is not 346 observed in experimental data. They suggested a further measurement of rate constants of this 347 reaction in pure water above ~100°C. It has been shown in many works that the reaction of 348 R32r: H + H 2 O → H 2 + OH becomes significantly important at high temperatures. 19, [56] [57] [58] With 349 this additional channel for H 2 formation, the discontinuity of g(H 2 ) could be removed though 350 (discussed in detail in section 2.6). 351 We applied our model to this reaction, which resulted in a fair fit as shown in As such we believe the proton/electron transfer reaction is significantly affected by quantum 359 tunneling at lower temperatures and that there should be a switch from E a close to 0 to a large 360 value above the critical point of water, where the large cluster size cannot be accommodated. 361
Furthermore, due to the decrease of the dielectric constant, both the F D term and ݁ ೃ term 362 (associated with the Debye factor that account for the change in dielectric constant for reactions 363 of charged species. This is described in detail in the SI) increase by a factor of 5 from room 364 temperature to above the critical point. As a result, the k react and k diff decreased significantly as 365 shown in Figure 7 . We expect the rate constants of this reaction to drop dramatically at high 366 temperatures. We do not consider this reaction significant in SCW. This reaction has been studied in three laboratories. 29, 52, 59 These studies are based on the 371 hydrated electron extinction coefficient 18400 L mol -1 cm -1 at maximum absorbance wavelength, 372 which was corrected to 22700 L mol -1 cm -1 by the work of Elliot and Ouellette.
373
One of the proposed mechanism of R5 is shown in Figure 8 . In this proposed mechanism, 374 orientation should be an important factor. Orientation sensitive reactions are influenced by the 375 cage effect, and the rate constants drop near the critical point. Tunneling can be a factor for this 376 reaction as well, but that is more important at a lower temperature range. The work from Janik 377 and Bartels also indicates that the rate constant of R5 from Marin is too high above 250°C. 8 The 378 D r a f t significant increase of Marin's data above 250°C could be due to systematic error (eg. high 379 concentration of impurity due to corrosion at high temperature), thus is omitted in our fit. 380 tetraborate. 59 We obtained an activation energy of 5.0 kJ mol -1 for this reaction. 390
The rate constant of R5 slowly reaches a peak around 300°C and decreases slowly until it 391 reaches the region near the critical point, where it then rapidly decreases and follows Arrhenius 392 behavior thereafter. This reaction is a diffusion-controlled reaction at low temperatures, but it 393 changes to an activation-controlled as shown in Figure 9 . Compared to R3, which is the 394 recombination of H atoms, in R5 a hydrated electron is reacting with an H atom. The observed 395 rate constant for R5 is one order of magnitude higher than R3, and they are both diffusion-396 controlled below 300°C. 397 Figure 9 The experimental data from Marin et al. 52 Therefore, the reason that reaction R5 is faster than R3 at these temperatures is likely 404 due to a faster diffusion rate of the hydrated electron rather than a larger reaction distance. 405
Comparison of different Hydrogen abstraction reactions
406
The rate constants of Reaction R2 and R10 drop significantly at high temperatures due to 407
Coulomb interaction, thus, they should be insignificant in SCWRs. R5 is diffusion-controlled 408 below the critical point. However, orientation is an important factor for this reaction, thus it is 409 heavily influenced by the cage effect and the reaction becomes activation controlled above the 410 critical point. R16, R19 and R20 are all activation-controlled reactions that are influenced by the 411 cage effect, their rate constants decrease near the critical point similar to R4. The shape of this 412 type of temperature dependency is discussed in section 2.2. 413
Addition dissociation / Dissociative attachment
414
All reactions in this category involved two processes -addition and dissociation. The reactions 415 in this section are less important than Reaction R3, R4, R5, R6 and R7 due to the small g-416 values of some reactants, thus they are discussed in the SI. At low temperatures, some 417 reactions are activation-controlled and some reactions are diffusion-controlled. Above the critical 418 point, all the addition dissociation/dissociative attachment reactions are activation-controlled due 419 to the cage effect. This type of temperature dependency is discussed in detail in section 2.2. 420
Dissociation
421
There is only one reaction in this category. The g-value of the reactant, H 2 O 2 , is expected to 422 be lower than those of OH, e aq -, H and H 2 in SCW as described in section 2.6, thus this 423 reaction is discussed in the SI. 424 D r a f t 25 2.6 General discussion of the temperature dependence
425
Here we include both equilibrium and non-equilibrium reactions. The most important reactions 426 are those that involve water molecules because there is a high concentration of water. These 427 reactions can be particularly important at high temperatures; for example, R32r becomes the 428 main channel for OH and H 2 formation at elevated temperatures. Transient species that we 429 need to pay attention to are e aq -, H 2 , H and OH, as experimental data suggests they are the 430 major radiolysis species produced at around 350 °C. 8 We find that the reactions, R30f, R23r and 431 other reactions that involve opposite charged reactants have the highest rate constants above 432 the critical point. The rate constants for the reactions studied in this series over the temperature 433 range of 20 to 900°C at a pressure of 250 bar are plotted in Figure 10 andFigure 11. 434
Note that the lower rate constants doesn't mean these reactions are not important; e.g. R32r 435
is one of the most important reactions in supercritical water radiolysis. 56, 57, 61 The reactions that 436 involve oppositely charged reactants need more attention, as our prediction shows the rate 437 constants for this type of reactions increase dramatically at high temperatures. 7 An example of 438 this type of reaction is R30f. R30f needs special attention because it might be the cause of the 439 increase of H atom yield in SCW compared to vapor. The significant increase of the rate 440 constants for these reaction types is caused by the attractive force between the reactants in a 441 low dielectric constant medium. The reverse reactions of these are slowed down very 442 significantly in SCW. 7 For reactions that involve charged reactants, a further modification, 443 including the effect of the dielectric constant, was also needed. This was done by adding a 444
Debye correction factor. to the decreases of the dielectric constant, which describe how well a medium supports ions. 453
The rate constants of R23r are shown in the figure as an example; others are not shown. 454
The rate constants of R2 decrease significantly above 150°C. This sudden drop in rate 455 constants reduces the formation of H 2 through this channel. R32r, on the other hand, becomes 456 the significant channel for H 2 formation at high temperature. The H 2 formed through R32r will 457 balance the effect of a decreasing rate constant of R2, so we predict that the g 19 In a recent pulse radiolysis study by Muroya et al., 58 R32r was 474 studied by using I as a scavenger for OH, by which an absorption spectrum of the produced I 2 475 was gathered. At 350°C, they found a rate constant for this reaction to be slightly larger than but 476 consistent with what we predicted. 58 These experiential result show that R32r is a very important 477 reaction in water radiolysis at high temperatures. We have developed a muon spin resonance 478 setup that can further increase the limit of our study to at least 550°C at 250 bar. 17 Experimental 479 data on R32r in this temperature and pressure range will be available soon. 480
The H 2 O 2 is mainly formed through the channel R4 at lower temperatures. 61 Due to the cage 481 effect, the rate constants for R4 will be lower above the critical point. As such we predict that the 482 g-value of H 2 O 2 should be low above the critical point. 483
At high temperatures, the rate constants of the main reactions that consume OH, namely R4, 484 R6, R7, and R27f, are decreased. However, the reverse reaction of R32r becomes a significant 485 channel that produces OH radical and H 2 , so it is likely that the concentration of OH will be 486 continuously increasing in SCW as temperature increases. Concerning H 2 production, less is 487 formed through the channel of the R3 and R5 as a result of the cage effect. Above the critical 488 point, we expect R30f to be very significant, which will turn H + and e aq -to H (R30f is likely the 489 cause of the decrease in g-value of e aq -at around 300°C 8 ), this together with R32f will very 490 likely to increase the g-value of H 2 and OH radical in SCW dramatically. On the other hand, 491 since the dielectric constant, which describes how well a solvent can support ions, decreases 492 with temperature in water, we expect the g-value for e aq -to continue decreasing above the 493 critical point. However, e aq -is still a very important radiolysis species that should be studied very 494 carefully, since it is initially largely produced in the spur (~10 s to ~10 -6 s). 6 The decrease in its g-value is likely due to 496 being largely consumed through the channel of R30f. R7 is an important reaction. The yields for 497 both of the reactants increase as the temperature increases to the critical point. 8 Both reactants 498 could be produced a lot in SCW radiolysis. The two data sets we used to fit R7 are parallel, but 499 one has consistently higher rate constants than the other. Re-measurement is recommended 500 using the up-to-date extinction coefficients. 501
The reactions that did not have any existing data are R11, R15, R24f, R26f, R25f, and R29f. 502
The reactions that have single data points are R10, R27, and R28. Among these reactions, R24f, 503 D r a f t R26f, and R28f involve oppositely charged reactants. Those three reactions are expected to be 504 very fast at high-temperatures, and they should be treated with special attention. More 505 theoretical studies on reactions that involve oppositely charged reactants need to be done in 506 order to better understand the radiolysis of water. This can be done based on knowledge of 507 these types of reactions in other solvents. Our group is doing more studies on these types of 508 reactions. Additional correction to critical fluctuation is needed in order to more accurately model 509 the behavior of the reactions at conditions close to maximum compressibility. 19, 67, 68, 72 Also, 510 influences of pH on rate constants for each reaction need to be considered. For example, 511
SCWRs will operate in nearly-neutral water, and nearly-neutral water would more readily go 512 through R20 than R19. It is therefore particularly important to make sure the rate constants 513 apply to nearly-neutral water in future work. The recommended rate constants for non-514 equilibrium reactions R2 to R22a in a temperature range of 400 to 800°C with a pressure of 250 515 bar are provided in table format (Tables S3 and S4) Notice that although pressure has significant effects on rate constants at high temperatures, 527 the rate constants overlap at low temperatures. This show that pressure has very little influence 528 on rate constants below 300°C. Unless there is a phase change where the pressure is not 529 sufficient for water to maintain its liquid form, the rate constants are practically pressure 530 independent at low temperatures under 300°C. This is important because many experimental 531 works do not report the pressure used. Based on Figure 12 , the data from low-temperatures can 532 be used regardless of pressure. Also, as shown in our previous work, 7 although Yoshida's 533 diffusion coefficient experimental data is taken from different pressures, all data points at a low-534 temperature range (below 300°C) fit the Kallikragas and Stoke-Einstein models for diffusion 535 well. It is, therefore, valid for us to use the rate constants from experiments at low temperatures 536 and pressures to predict the rate constants above the critical point, as long as our model takes 537 into account the effects of the pressure at high temperatures, which it does. The effect of 538 pressure on reaction rate can be inferred from activation volume which is defined as the 539 D r a f t 32 difference between the partial molar volumes of the activated complex and the reactants. 65 From 540 transition state theory, and classical thermodynamics, the pressure-dependent activation 541 volume can be written as: 542
where P is the pressure, R is the gas constant, T is the temperature, k is rate constant, and ߢ ் 543 is the solvent's isothermal compressibility. properties influence reaction kinetics.
11,65,67 However, away from the critical point, liquid 547 properties are essentially pressure independent.
65 Based on our studies, 11 at 205°C, the 548 isothermal rate constants of Mu reacting with Ni 2+ in water are essentially pressure 549 independent. However, at 359°C, we observe a significant pressure dependence.
11 Similar 550 behavior has been seen for the reaction between Mu and hydroquinone in water.
11 From these 551 previous works we established that activation volumes are only large enough at above 350°C. 552
Conclusion
553
Many properties of water depend on temperature and density, and this can significantly change 554 the rate constants of reactions.
10,11,13,15,67-80 These include the efficiency factor (cage effect), 7 555 the diffusion rate of different species, and the dielectric constant that influences the reactions of 556 charged species. In this work, we considered all these aspects. The main purpose of this study 557 was to provide recommendations for rate constants of reactions in water past the critical point. 558
We studied important reactions involved in the radiolysis of water using the "cage effect model". temperature dependence at low temperatures. However, due to the cage effect, the reaction 562 efficiency decreases at high temperatures. As a result, the rate constants of these reactions also 563 decrease near the critical point. There is one collision per encounter for chemical reactions at 564 high temperatures in SCW, thus the reaction efficiency remains constant in this high 565 temperature range. Therefore, the rate constants of these reactions increase again and follow 566 an Arrhenius temperature dependence at high temperatures. Our work will enable engineers to 567 better predict the concentration of eroding species in SCWRs and allow them to develop 568 chemical control strategies to minimize corrosion, thus increase the lifetime of the reactors. 
